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Preface

This area of research was chosen for several reasons.

Pre-.ious .4ork done on the same material as that chosen for

this effort promised to provide a benchmark jy which m/

early results could be evaluated. At the same time, that

work was sufficiently inconclusive that potentially useful

,-esearch remained to be done. At the end of this effort, a

working plasma treatment facility would be available for

further work. Finally, this work would ,fford me the

chance to learn how, to operate a number of devices, su-ch as

an electron microscope and an X7 spectrometer, tnat I

would not otherwise have the opportunity to uses as well as

introduce me to the sometimes frustrating wo-rld of hiqh

vacuum.

This thesis would not have been completed without the

assistance ungrudingly provided by many people. Mate!-ials

Laboratory personel were particularly helpful. Dr. Wade

Adams, chief of the polymers branch at the Materials

Laboratory, provided some of the gases used in the

experiment and allowed his people to take time from their

many projects to help me. Capt Cady Coleman provided the

equipment needed to clean the film samples, performed the

contact angle measurements, and attempted to fill the huge
For

void in my knowledge of chemistry and polymers. She was 

also kind enough to serve on my committee. Dr. C. Y. Lee,

provided critical information concerning lap shear tests.
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Gary Price taught me how to use the electron microscope.

Dr. Alan Garscaddcn, chief of WRDC's Plasma Physics

Branch, let me use a laboratory room in his building, and

allowed me to utilize the talents of his wurkers, such as

Jimmy Ray, who created a work of art when he made our

glass plasma chamber.

Employes of the University of DR,'ton Resear-h

Institute associated with the Materials Lab were also of

immense nelp. Arthur Behme allowed me to use his

laboratory to prepare the lap shear test specimens. Dr.

Peter John and his assistant Arthur Safriet let me look

over their shoulders while they Qerformed the XPS runs and

patiently explained all the subtleties involved.

David E. Spielvogel, a senior research associate at Becton

Dickinson Polymer ReseArch, kindly lent me the use of a

contact angle goniometer at his laboratory, after calls to

base and university labs failed to turn one up.

I particularly wilsh to thank Bob Knight, whose patient

guidance in all matters related to high vacuum systems

helped us to fir v get the plasma chamber to work,

despitc all the prou ms, roadblocks, and disasters that,

, e discovered, often beset experimental work. Without his

fulll stocked supply of bolts, flanges and advice, this

oroject would never have gotten off the ground.

I tould also like to thank Dr. William Bailev. for
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serving on my committee and providinq valuable advice.

Finally, I exter~d fmy most sincere appreciationl to Capt Pete

Haaland, my thesis advisor, w~hose patience and good cneelr

knew no boundis.
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Abstract

A plasma treatment chamber was constructed and used to

treat samples of poly (p-phenylenebenzobisthiazole) (PRZT),

an ordered polymer matzrial. Lnalysis of cEiannjng

electron microscope results showed that exposure to an

argon plasma for extended times eroded the surface of the

polymer. X-ray phoLoelectron spectroscopy indicated that

oxides were formed on the plasma-treated surfaces upon

exposure to air. Treatment using argon, argon/water vapor

and nitrogen plasmas was show.- to increase the wettibility

of the polymer surface.

P9ZT fi Ims bonded between aluminum coupons fai led

Cohoesiely when shear forces were appl ied. Plasma

treatment improved the shear str-ength of PBZT fi lms b/ over

50.. This improvement is attributed to an enhancement of

the cohesive strength of the P92T via crosslinking t7etween



Introduct ion

he;-r orze is tecoming e',er more dependert u_1Pcin

. ~ ~ e r i a ter -i 1in ite T fort to0 p Ack mor cain~t

-It e a ch n-je ai1rczr af t o r iissile. '24 r-Iew m-a ter 1alIs a re

d e " 10P e and tested, potential uses are d Is Co ve e d th at

e :o 7 1'~ ~c (g nrought co seo L v th In & s I

cntac-i I C:torT r qU 1r ernen F)t S t -e -g t r- a rd 1Ilgn rtn EzS S. ,ar

Cf todJa,' s s /stems , suchl as tre E32 StealIth tcmber, S

mnouid no t c e bu il1t us ing the ma ter Ial1s ' an e'i a:

years ago.

The p ossi1bl1e uses o f new -i te-1a 1s , ano t he p T cces si -

S t epDS egu ir e t o acheive these uses, are nt a Ila S

immed late! v jo /hio us whe n a ma ter ia 11s d evei1o p eo. ti

important, therefore, that these materials be subjeicted tc

a /arlety of pr-ocessing techniques ar-d treatments, in re

t o de ter m ine t he jp ti1mum me thod t..

PolIy ( p-ph env Ienebenzob is th ia zo Ie) noin , er c if _j I

a3s P9RZT is =,- example of a new class of "ordered" polI /mer

materals whose unique characteristics may one dymr

tlem integral LumpuCIL.Ots or.6-ge 'nimher of systems. The

molecules of P9ZT are aligned in row~s, which makes its

properties strongly anisotropic. Layers of the Tate-la),

vitn the molecules oriented in difFerent directAirs, canone

om(-b ined to produce sneets wi jt h material properties_

fa I I r ed f or specific uses. O rd er ed pol 1ymer fiImi-based



_-DQocsi te mater 1 - ls have shown potent l 3 Jeidrt r eut c ions

ot:) - r quasi-isotropic graphite/epox composi tee

a d e eaed use temperatures greeter than L deqrees

>',Ic- 1). Ordered polymer films surpass trie

Der ,
Tomance of fiber-reinforced composite materials wJithout

u-erDr ',m the draw-backs of distinct fiber and ma :-

Era, :ae and i l! be used in applications demanding iu

'e i,-,, hi1gh strength and stiffness, high temperatre

Dac it environmental resistance and radar

--a' ..... as c , Tr-e cnaracteristics of PBZT ma

. 1 1 ar . anenanle to use In spacecraft ard iact-

Ie sira t rt-jctuJres; some proposed uses -nclude t,-sses

space statiors and telescopes, bal loons for tre lo I-tir'

e ; p. , - a loa1s, cor-es for hIqh-purit,, I gr,-

Sjd ctIit1 eies, substrates fo!- q]rinted wire boaros:- rQ,-

rnOt-rs, and a~r~raft struc tures ('i : 2-2i--2- 23

tli s r i newj, however, the best ways to utl i ze

are 1r-I - row being discovered. One of the more

L mi3q e areas where PBZT may be used is in the

T nu I:at ion of composite structures such as panels and

tjnes, p,-i c-sses that require the bonding of thin sheets of

--uI; -to ti*srer st-uctures with the desired proper-ties of

t-rr ,ItL, ihtness, temperature resistance, and

ei ..- Iea , t-e charcter isti-s o F hese

C- n r-i.. Jr- ) C3 J 0fI On ti-,e rha r 3c> it~



9BZT itself, but also on the strength of the bond t~ee,

the cP-T and ,nateer material is used to join the tr i

fl ires

T ,e 'Ioal of this tesis was to determine the cheTIca

a s,0 7asi-al a-anoes in PBZT film due to plasma treatment.

hap ,-r I T of this thesis outl ines the history of the

-se z piasmas to treat polymers and discusses Pre 1o

D- ts to ennarnce tne adhesive properties o P_ e s f

e 3o'sD--e to vdr io,5S Sl-ma S . Chapter T I I descrices

± arsS an tec MniOus seo i this ewpe- vImel.

:oomit~onqS obtalneo ,*- tvi1n the plasma and tn, e*,-rarpeS that

in a polymer as a -esu t of the plasma treatment ae

aso lscussed. 7hacter P) presents the results ootairec

ir7 -1, . rSe c- t-is v or. These resul ts are o i sC ssec i

aEDer ,'. Final i conclusions and recommendatiors a -e

orenuse n T: Chapter .



IK. Piotorical Duvelcp ,nt and Previous Work

Development of Plasma Treatment

Almost as soon as laboratory discnarges becamrw

available, chemists oegan to use them for chemical

synthesis (21:58). The first exp.riments of this type were

reportsd as early as -796, when four Dutch chemists

subjected ethylene to spark discharges and obtained an cili

substance. Later, particular attention was focused on high-

voltage glow discharges a-ter the discovery that they could

be used to prepare atomic hydrogen, oxgen, and nitrogen.

Most recently the availabil-ty of radio-frequency and

microwave generaturs has focused attention on the use of

electrodeless discharges.

A growing interest has arisen over the last thirty

years in the use of plasmas to modify the survace structure

and composition of solid materials (13:113). This interest

has been motivated in part by the ability of plasmas to

produce unique surface modifications and by the ease with

which the extent of modification can bw controlled This

latter property can afford plasma treatment processing an

edge over more conventional processes, leading tn the

increasing promenance of plasma treatment techniques in]

industrial applications.



Plasmas and Pol,.mers

The principal changes brought about by exposure of a

polymer to a plasma occur in a surface layer 1-10 microns

in depth. While such propertiet as the surface wettability,

the molecular weight of the surface layer, and the chemical

composition of the surface can be changed, the bulk

properties of a treated polymer remain unchanged.

The wettability of a polymer surface is an important

characteristic which relates to the adherence of dyes,

inks, and adhesives to the polymer. Plasma processes which

lead to an improved wetting have found application in the

packaging, electronics, construction, and clothing

industries. To take one example, plasma processes have

been used to increase the surface wettability of polymers

used as jackets for wires and cables. These polymers tend

to be inert and cannot be printed, painted, or dyed. After

plasma treatment, however, the jackets can be labeled, and

the treatment produces no changes in the bulk properties

which led to the use of the polymer originally (13:116).

Similarly, plasma treatment has been used to enhance the

adhesion of lubricants to Teflon catheters, making

insertion of the catheters through the skin much less

painful (29) .

Another aspect of plasma treatment that has received

widespread attention is the improvement in the strength of

5



bonds betweer polymers and dissimilar materials. Adhesive

bonding of plastic parts to each other or to parts made of

other materials often has many advantages over other

fastening techniques. However, many of the most widely

used plastics cannot be bonded with structural adhesives

unless a suitable surface treatment is first applied.

Plasma treatment using activated gases is particularly

useful since it is easier to control than flame treatment,

is applicable to a wider variety of plastic parts than

corona discharge, and eliminates the use of corrosive acid

baths, which must be renewed when depleted and can be a

significant source of heavy metal pollution in plant

effluents (33:2).

The effects of treating polyethylene using a plasma

were first reported in 1956 (12:2085). Since that time,

many polymers have been subjected to such treatment.

Schonhorn and Hansen showed in 1966 that exposing polymers

to activated inert gases for short intervals resulted in

dramatically improved bonding characteristics (27:1461).

These improvements were attributed to the replacement of a

weak layer of amorphous low molecular weight material by a

crosslinked surface -,er with higher cohesive strength

that was, the-efore, ideal for the production of strong

adhesie joints. This surface treatment technique became

known as CASING (Crosslinking by Activated Species of Iert

6



Gases). When analytic techniques more sensitive to surface

effects became available, however, it was shown that the

hypothesis that most polymers are covered by a weak

boundary layer was untenable, and that other mechanisms

must be responsible for the increase in bond strengths

(15:138-138). The Army's Picantinny Arsenal has conducted

an exhaustive series of tests involving structural plastics

being considered for uses in Army materiel (24:1, 33:1). To

summarize, the research conducted to date has shown that

the adhesive bond strengths of a wide variety of polymer

materials can be enhanced by exposure to activated gas

plasmas. Typical adhesive-strength improvement for a

number of polymers after treatment in a variety of plasmas

is shown in Table 1. (1 MPa equals 145.04 psi.)

Prior Work with P9ZT

Researchers at the Materials Laboratory of the U.S.

#-ir Force Wright Research and Development Center have

pioneered the development of ordered polymers including

polymer synthesis, fiber spinning and film processing.

Foster-Miller, Inc., under contract to the Materials Lab,

has worked to achieve the transition from material

development to engineering applications. As part of that

effort, the company has investigated a number of surface

treatment techniques designed to provide good bonding with

tough high temperature adhesives.

7



Table i. Typical Lao Shear Adhesive-Strength Improvement

After Treatment in a Variety of Plasmas

Lap Shear Strength (MPa)

Control After Plasma Treatment

Polymer

High- density

polyethylene 2.17 8.00 to 24.3

Low-density

polyethylene 2.57 8.62 to 10.11

Nylon 6 5.83 8.41 to 27.30

Polystryene 3.90 21.50 to 27.70

Mylar 4.26 8.17 to 8.39

Lexan 2.83 4.58 to 6.40

Polypropylene 2.55 1.38 to 21.20

Acetal copolymer .81 1.28 to 1.78

PBZT 3.54 3.27 to 5.45

Note: Data from (17:62) except for PB2T (18:3-31)

Work at Foster-Miller has shown that flurocarbon and

ammonia glow discharge plasma treatments do change the

surface properties of PBZT films (18:2-31--3-58). Exposure

to a carbon tetrafluoride plasma led to an increase in the

percentage by weight of fluorine in the surface layers of

the film rrom 0 to approximately 60%, depending on exposure

time. The surface became strongly hydrophobic (hard to

,jet) atter treatment. An ammonia plasma was less effective

8



in altering the surface composition of the polymer, but did

lead to improved adhesive qualities; lap shear joint

strengths (Chapter III) were increased by up to 54%. The

surface was made strongly hydrophilic (easy to wet) by

exposure to the ammonia plasma. Scanning electron

mizrc:-2oe analysis showed that little, if any, surface

erosion had occurred as a result of exposure to either the

fluorcarbon or the ammonia plasmas.

The experiments described in this thesis were intended

to build L pon these results by considering the effects of

other plasmas.

9



II. Ejperimental Apparatus and Procedures

Sample Description

Poly kp-phenylenebenzobisthiazole), or PBZT, is, as

was mentioned previously, a member of a new class of

polmeric materials collectively referred to as ordered

polymers. The PB2T repeat unit is shown in Fig re 1. As

N

S1 N

n.

Figure 1. PBZT Repeat Unit

a result of their rigid rod-like molecular structures,

these materials form liquid crystalline solutions from

which extremely strong, stiff fibers and films have been

processed. The fiber and film forming processes involve

several steps (19:2-2--2-8e). First, an isotropic or

unoriented polymeric solution or "dope" is prepared. This

dope consists of PB2_T in solution with polyphosphoric acid.

10



Next, drawing, shearing flow or other forces are used to

orient the polymer molecules. During this step, the film

is shaped to the desired form and can be processed so that

the rod-like molecules will lie in the plane of the film,

and will be oriented in more than one direction (biaxial

orientation). After this, water is used as a coagulant to

bring the PB2T out of solution. Coagulation causes the

polymer molecules to agglomerate, and "locks in.,

orientation and shape. The film is finally washed to

remove the phosphoric acid, densified to remove the water,

and heat treated to improve itz mechanical properties.

Sheets of biaxially oriented PBZT film 5 microns thick

were supplied by the Foster-Miller Company. The

orientation of the molecules in successive layers was 0 and

--/- 22 degrees.

Sample Cleaning

Before the samples were treated or analyzed, they were

repeatedly boiled in methylene chloride (CH 2 CI 2 , also known

as dichloromethane), a chlorinated hydrocarbon solvent

particularly effective against oil-based impurities.

Glass-distilled high pressure liquid chromatography grade

methylene chloride supplied by the Aldrich Chemical Company

was used. Film samples approximately 5 cm by 7.5 cm were

cut from the PB2T sheets, then rinsed and boiled in the

methylene chloride; the used solvent was then replaced and

11



the samples boiled again. This procedure removed gross

debris from the film surfaces. Those samples not

immediately plasma treated were stored in evacuated glass

tubes (Figure 2) to prevent recontamination.

n Valve
0 Ring- /

To Vacuum

Figure 2. Evacuated Tube Used to Store Samples

Plasma Treatment Equipment and Procedures

A plasma chamber (shown in Figure 3), consisting of a

high-voltage dc discharge inside a glass reaction vessel,

was designed and constructed. The aluminum electrodes ,-jere



Valve Valve

Pressure R)e Vurv
Coarse Valves rswVavPA
Fine Valves pgge
Flaoeters

Regulators Pem

Gas Sply BOIG P

Figure 3. Plasma Treatment Apparatus

discs 2.54 cm in radius spaced 12.5 cm apart. The high

voltage was provided by an HP 6525A power cuppl and a lOOk

ohm ballast resistor was placed in series with the supply

and the discharge. When initiated, the resistance of a

discharge is very low; in the absence of a ballast resistor

the resulting high currents might burn out the power supply.

The current was monitored using a multimeter, and returned

to the power supply via ground. The polarity of the

discharge could be changed by switching the leads on the

electrodes. To minimize the danger of electrocution, Care

13



was taken to ensure that the metal components of the plasma

chamber were grounded.

The plasma chamber was attached to a four-way cross.

The arm of the cross opposite the chamber was sealed with a

flange through which a manipulator passed. This flange was

removed to insert or remove samples. A Sargent-Welch

roughing pump was attached to the chamber through one of

the other arms of the cross; this pump was used to pump

out the chamber while samples were being treated. An

Alcatel oil-free drag pump (capable of obtaining pressures

of 10 torr) and :ts associated diaphragm backing pump was

connected to the fourth arm of the cross; these pumps wee

used for the initial pump-down, then isolated from the

chamber during sample treatment by a valve. Ultra-hign

vacuum components were used so that the chamber could bo

evacuated by the drag pump to a low pressure that would

facilitate the outgassing of any contaminants from the

polymer samples and the chamber interior. An ionization

gauge (Granville Phillips model 270 gauge controller) Wac

used to monitor the low pressures obtained by the drag pump

while a compensated capacitance manometer (MKS Baratron

PDP-58 power supply/readout) was used at the higher

pressures (about .5 torr) observed in the plasma chamber

during sample treatment. A Granville Phillips model 275

Conxectron gauge was used to monitor the pressure at the

14



drag pump; this pump cannot be started until the pressure

is reduced to about 20 torr by its associated diaphraQm

backing pump.

A gas manifold was assembled that allowed the flow of

otte or two gases through the discharge while a PB2T sample

was being treated; this flow ensured that any materials

ejected from the polymer surface would be swept out of the

plasma chamber. The flow rates were monitored using Tvlan

PM 30 mass flowmeters connected to an MKS Barat!-on T~pe

D54 flow ratio controller The pressure irsie 

chamber ur iq sample treatment was regulated b. te

irterpla. of the flow rate into the chamoer (control led th

-,eedle Val es) and the flow rate out of the ctambe,-

(co,-trol led oy a / alve between the chamber and the !-.JgK c 7

pump). Typically, flow rates of about 50 standar c ,ic

centimeters per minute (sccm), with the val./e on the l irle

to the roughing pump almost fully closed, resulteo in

chamber pressures near .5 torr. The gauges were monitored

during sample treatment and small adjustments made, w-hen

r.ecessary, to keep the chamber pressure and flow rates

within .002 torr and .2 sccm of their initial Values,

respect i /el .

4 sample holder was fabricated of glass-coe,-el netal

,Le. The glass coating prevented the dischar e -f r,

;trikinq to the holder while the metal wire - I

necessar/ strength. The sam le holder- Mjas a-3t . _ i

15



manipulator allowing the sample to be translated along tte

a is of the tube hile a vacuum was maintained. Samples

could. therefore, be inserted into or removed from the area

oetw-een the electrodes while a discharge was going. The

e-terior handle of the manipulator was electrical!,,

isolatec, tom the sample holder, in case the discharge did

sr- ,-e there Nith use the glass covering on the wjire

1 ace, aCd al lowed this to happen at chamber pressures

zlt: e aLout a t- o , ut no proolems were noted at Icer

-]" ess-i es.

os t DIF tre samcles were treated us ing argon, nut o, e

sam[e was e-:posed to a nitrogen plasma. Ultra high purit;

i togen z _id te ontained, but onl/ technical grade aron

.Jc3a a.aoie. 7 iecture bottle of 7reon I -I car n-.

tetr-a3rotlrie. -as also jotained, ond a small amount mi ed

-itr arQon "as useO to treat one sample.

0 samples were treated using argon mixed th a

snaI i amount of water vapor. As shown in Figure -, a

cortion of the total argon flow passes through a OunOle,

-zortaining oistil led water picked up water vapor that w as

,unsequent / dissociated in the discharge to produce an

HrLH plasma. The percentage of water vapor in the gas

,Iowing into the plasma chamber was estimated based on the

SsuIMF t Io that the viater vapor in the buIbler ras in

1l 1 ior I m wjith the I iquid phase. ,he vapor pressure ot



ias in

gas and
water vaor~u

out

wateF

P71Qure 4. 9ubnler Used for CH VIsm l'e

treJter Eou d th-en be found in the CFE a-- o~

~~] '~ccntr bujt ion of he water tr- tre tt± ;r

leterm1ied The ca gnPressure iriside th i~C 'z-

e 1- 7) e usIfig tn-e j-)ressur-e qgauge DIn the -ziD tr

a,- Cqe s tio vis th hDr essu re cabo / e a tmo sph er

a regulator d readiu r f 2 pm ,- -
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of the gas in the bubbler. If the gas flow through the

bubbler is c ccm and tne main argon flow is 51 scom, the

fluw through the bubbler is '9/60) x 100% or 15% of the

total fiow. Therefore the water vapor is 2% of 15%, or .3%

of the total gas flow into the plasma chamber, and argon

makes up the rest.

After a sample -as inserted into the plasma chamber,

the drag pump was used to lower the pressure to about a

millitorr. Samples were allowed to sit in the plasma tube

under vacuum overnight before being treated. The pressure

inside the tube over this period increased 1,om .001 to

about .5 torr due to sample outgassing and residual system

leaks. Witnout a sample in place, the pressure inside the

tube increased to about .3 torr over the same period.

When a sample could not be left overnight, it was kept in

the plasma chamber at about .005 torr for 60 minutes prior

to treatment. To begin treatment, the proper flow rates

were obtained to acheive the desired chamber pressure.

With the sample ou of the area between the electrodes, the

discharge was struck, usually with the power supply set at

900 volts. Next, the sample was moved into the discharge

and any changes in the color or shape of the discharge

ncted. The current passing through the discharge was also

monitored fqr variations.

After the prescribed time, the polarity of the

18



discharge was reversed and treatment continued for an equal

time to ensure that the two sides of the film were treated

equally. The total treatment time, along with chamber

pressure and discharge voltage, is used to characterize the

runs. Once both sides had been treated, the valve between

the plasma chamber and the roughing pump was closed and the

pressure inside the chamber alloweo to slowly increase to

atmospheric, so as to minimize the chance that a rapid

pressure build up might shatter the chamber. Initially,

the flow of argon was maintained to slowly raise the

pressure; once the chamber pressure reached about 10 torr a

valve ,was cracked open to allow air to leak in until

atmospheric p.-essure was achieved The samples were then

-emoved and kept in the evacuated glass tubes until they

could be tested.

Plasma Conditions and Effects

Actual plasma conditions at the sample were not

determined, but some order of magnitude estimates are

possible. Samples were placed in the positive cnlumn of an

argon discharge operating in the abnormal glow regime at .1

to .8 torr, with most samples treated at about .5 torr.

With the power supply set at 900 volts, the current carried

by the discharge was typically 5 to 6 ma and dropped b\

about .2 ma when a sample was inserted between the

electrodes. Assuming a current of 5.2 ma, the voltage drop
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across the lOOK ohm resistor w~ould be 520 volts and the

oltage drop across the discharge w-ould be 320 volts.

Fiqure 5 is a schematic representation of the numer-ouc-

interactions which are possible in a gas plasma impinging

on a polymeric substrate. The gas in the positive column
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Polymeri Iubgas~
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atoms and 10 to 10 9 electrons or ions per cubic

centimeter. Electron energies will be about I eV while ion

and neutral temperatures will be much lower at about .025

eV. In addition to the neutral atoms, ions, and

electrons, there will be active, or un-ionized but excited,

metastable atoms. If the gas contains molecules they can

become active or be dissociated to become free radicals.

The discharge will also produce ultraviolet radiation. All

of the constituents of the plasma can interact with the

polymer surface.

Previous work has shown that PBZT is very resistant to

electron bombardment and ultraviolet irradiation (11A).

The electrons and uv radiation present in the glow

discharge used in this experiment, therefore, should not

affect the films. Furthermore, the neutral atoms are at

thermal equilbrium with the film and chamber at such low

energies that no effects due to these constituents of the

plasma are expected. Since argon is an inert gas, there

will be no chemical reactions between the neutral atoms and

the PBZT molecules.

When a nonconducting surface is exposed to a plasma, a

negatively charged sheath will form that will slow

electrons impinging on the surface and accelerate

positively charged ions. The ions will gain kinetic energy

equal to the average electron energy in the plasma. When

the ions hit the surface, the kinetic energy and
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ionization energy can be transferred to the surface.

Metastable atoms may couple with the surface, also

delivering energy to the polymer atoms. The ions and

metastables are responsible for the changes induced in PB2T

upon exposure to a plasma.

Given the pressure at which a plasma is operated, the

voltage across it, and the current that it carries, the

flux of ions onto the surface of the polymer can be

estimated. For a glow discharge operated at .55 torr and

380 volts, the cathode fall will be about 140 volts

(6A:284). Therefore the electric field in the positive

column will be about 240 volts/ 12.5 cm or 19.2 V/cm. This

gives a value of 35 V/(cm-torr) for E/N. This number is

used to determine the energy of the electrons (32:243).

The electron temperature per volt of ionization energy,

Te/) i , is found from tables to be about 600 degrees Kelvin

per volt. With V i equal to 15.5 volts for argon, Te is

found to be 9300 K or .e0 eV, giving an electron drift

velocity of about 5 x 10 cm/s. For a current of 5.2 mA

2
and an electrode area of 20 cm , the current density is .26

2 16
mA/cm and the flux of electrons is about 1.5 x 10

electrons per sauare centimenter per second. The density of

e ectrons is then (1.5 x 10 16)/(5 x 10 7) or about 3 x 108

electrons per cubic centimeter. The ion density will be

equal. At .55 torr, the density of neutral atoms is about
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16 -8

2 x 10 , giving a fractional ionization of about 10

After being accelerated across the sheath, the ions have a

kinetic energy of .80 eV, corresponding to a velocity of 2

x 105 cm/s. The ion flux onto the polymer surface is,

therefore, (3 x 10 ions/cm 3 ) x (2 x 1 cm/s) or 6 x I03

ions'cm -s.

The density of PBZT is 1.5 gm/cc and the average mass

-23
of its atoms is about 10 amu or 1.66 x 10 grams,

so that there are about 1023 atoms per cc. Assuming an

-8
atomic radius of 1 Angstrom or 10 cm, there will be

aprroximately / 1 5  atoms per square centimeter at the

surface of the PBZT film. The ion flux deposits a equal

number of atoms every 10 to 20 seconds.

The ions hitting the surface of the polymer can

transfer the sum of their kinetic and ionic energies, 16.3

eV per ion, to the PBZT molecules. Typical bond energies

in polymer materials range from 3 to e eV (4:34), so the

ions are capable of scissoning the PBZT molecules. The

i5
energy flux due to the ions is about 10 eV per square

centimeter per second, or about 10 - 4 watt/cm 2 .

Each metastable atom hitting the surface will deliver

on the order of 9 eV. The kinetic energy of each

metastable will be negligable since they will not be

accelerated by the sheath. The number of metastable atoms

present in the plasma is difficult to estimate, but the

metastable contribution to the total energy flu" is
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expected to be small.

The major effects of plasma treatment can include the

following (15:129-131, 23:42-43) and, of course, several

may occur simultaneously:

Cleaning. All materials exposed to the environment adsorb

oils and other organic materials onto their surfaces. The

excited species may have sufficient energy to displace low

molecular weight contamination present on the surface. (The

displacement process may be proceeded by the plasma

degrading, and reducing the molecular weight of, the

contamination.) Plasma cleaning leaves little, if any,

residue.

Degradation and ablation. The plasma may cause

degradation of the surface regions of the polymeric

substrate and lead to removal of material from the surface.

This process is distinct from cleaning since actual polymer

material, not contaminants, may be degraded and removed.

Plasmas of air or oxygen have a marked tendency to cause

degradation and ablation compared to plasmas of inert gases

such as helium and argon. Further, some polymers, such as

poly(ethylene terephtalate), are more prone to these

effects than others. Ablation can increase the surface

area and result in improved mechanical linkages; it is

also used for inorganic chemical analysis, photoresist

stripping, and the stripping of insulation from fine wires.
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Crosslinking. Noble gas plasmas promote crosslinking when

used in an atmosphere devoid of oxygen or other free

radical scavengers. The free radicals can only react with

one another or return to their unexcited state; they can

cause crosslinking, recombination, unsaturation, or

branching through free radical migration.

Surface activation. The plasma often leads to the

introduction of polar groups, such as carbonyl groups, into

the surface regions of the substrate. This may occur even

when inert gases are employed. In such cases, the oxygen

is suggested to arise from traces of oxygen being present

in the treatment chamber (e.g. in the gas, on the chamber

walls or in the polymeric substrate) or from post-treatment

reaction occurring when the polymer is removed from the

treatment equipment.

Polymerization and grafting onto the substrate's

surface. The plasma may induce the polymerization of a

constituent of the gas phase and so cause the deposition of

a thin polymeric film onto the substrate. Such a film may

be grafted to the underlying substate. It is possible that

some of the gaseous species from cleaning and ablation of

the surface may subsequently polymerize and redeposit as a

polymeric film on the substrate.

Ion implantation. The plasma may cause foreign atoms to be

implanted in the surface regions of the substrate and these

atoms may either aid adhesion or adversely affect the joint
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strength and durability.

Lap Shear Tests

Single lap shear tests were used to determine the

strength of the bond between the PBZT film and an epoxy

adhesive. Although single lap shear tests do not measure

pure shear (11:43), the test specimens are practical and

easy to prepare and the tests provide reproducible, usable

results (16:288).

Samples of the film were bonded between aluminum

coupons to form the lap shear test specimens, in accord

with the procedures outlined in ASTM D 1002-72 (3). Before

bonding, the aluminum (2024 T3 alloy) adherends were

cleaned with acetone, scoured with metal pads and coated

with Pasajel, a gelled sodium disulfate etching agent. The

Pasajel was removed after 15 minutes, and the adherends

rinsed in distilled water and dried in a circulating air

oven for 10 minutes at 60 degrees C. This process removes

any surface oxide layers and roughens the surface, thus

promoting a good bond between the adhesive and the aluminum

(16:53). Since the manufacturer's estimate (10:4) of the

shear strength for the aluminum/epoxy bond that results

when this process is used is approximately five times

higher than the maximum reported failure strength of PBZT,

a failure at the adhesive/aluminum bond line is extremely

unlikely.
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Those adherends not immediately used were sprayed with

primer, as recommended by the adhesive manufacturer (10:2),

to ensure that the surfaces did not become oxidized again.

Primed adherends can be stored up to three weeks without

fear of contamination or degradation of the final bond

(10:2).

FM 123-2, a modified nitrile epoxy film on a polyester

mat, was used to bond the polymer film between the aluminum

adherends. This adhesive film, supplied by the Cyanamid

Corporation, is .006 mm thick and is designed for

structural bonding of metal-to-metal, metal honeycomb

sandwich, structural plastic laminates and composite

structural plastic sandwiches (10:1). Adhesive film is

much easier to use than two-component liquid epoxies and

produces a more uniForm bond line thickness.

The adherends, 1 inch wide by 4 inches long (2.54 cm

by 10.16 cm), were assembled in a jig that provided a 1/2

inch (1.27 cm) overlap and could accomodate five specimens

at a time. After the first layer of adherends were placed

in the jig, a strip of adhesive, cut slightly larger than

the overlap area, was laid across them. Next, the PBZT

film was cut into pieces also slightly larger than the

overlap area and apolied to the adhesive strip. Another

piece of adhesive was then placed over the PBT, folloued

by the top adherend. The resulting configuration is shown
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in Figure 6. Cutting the adhesive and the PBZT slightly

larger than the overlap area ensured that the ac4 -ua]

overlap area being tested was determined by the jig. Excess

adhesive extruded out of the joint has been shown to have

little effect on lap shear test results (17).

aluminum
epoxy

epoxy
aluminum

Figure 6. Lap Shear Specimen Cross Section

Aluminum and teflon spacers were used to guarantee

proper alignment of the adherends, and a thermcouple was

placed near the overlap area to monitor the temperature

during the cure cycle. Aftc7 all the components were in

place, a piece of silicon rubber was placed over the bottom
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part of the jig and a metal cover set in place, as shown in

Figure 7. This cover allow2d nitrogen under pressure to be

rubber shet

pF-- i gas inlet

spacer test specimen = ae

Figure 7. Lap Shear Test Assembly Jig

pumped onto the jig in such a way that the rubber sheet was

compressed against the specimens, thus providing .275 MPa

of clamping pressure during the ' , -, :- ---. This

pressure could be monitored using a gauge attached to the

gas inlet; a hole in the metal cover of the jig permitted

the discovery of any leaks around the rubber sheet.

The jig was placed in a press that kept the top and

bottom halves of the jig closed against the pressure of the

nitrogen. Electric heating elements in the top and bottom

platens of the press produced the elevated temperatures
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required for curing. The cure temperature of 120 degrees C

was reached about 30 minutes after the heaters were

activated. The nitrogen pressure inside the jig had to be

monitored during this period since it increased with rising

temperature. The elevated temperature was maintained for

one hour, after which the heaters were turned off and the

specimens allowed to cool, usually with the aid of a fan.

The specimens remained clamped as the jig cooled! the

clamping pressure decreased somewhat as the jig cooled but

was usually not adjusted. Once a temperature of about

60 degrees Celsius was reached, the samples were removed

from the jig and separated from one another. The lap shear

tests were normally performed immediately after the cure

cycle was finished. The manufacturer of the adhesive

recommends a 30 to 60 minute heat-up to a cure temperature

of 105 to 120 degrees C followed by a 60 min hold at 120

degrees C and a pressure of .17 to .34 MPa (10:2). No

soecific cool-down cycle is recommended.

The lap shear tests were performed in accord with ASTM

recommendations using a Tinius-Olsen SG machine at a

crosshead speed of .05 in/min (1.27 mm/min). The opposite

ends of the lap shear specimens are grasped by self-

tightening jaws and slowly pulled apart, until failure

occurs. The failure can occur at the adhesive/PB2T bond

lines (adhesive failure) or within the PBZT itself
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(cohesive failure). All tests were performed at ambient

temperature, which varied somewhat around 23 degrees

Celsius, and ambient relative humidity, which was usually

35 to 45%.

Load at failure, measured in pounds, was recorded and

shear at failure determined (shear strength = load/area)

assuming that the lap shear overlap area was 1/2 square

inch. The results are reported in megapascals (MPa), with

1 MPa equaling 145.04 pounds per square inch. No attempt

was made to determine the actual overlap area for each

specimen, but use of the jig kept the overlap areas fairly

uniform. The results can therefore be compared to obtain

relative changes in lap shear strengths.

Contact Anqle Determination

The beading of liquids on surfaces is a commonly

observed phenomena. The quanititative determination of the

angle of contact between the liquid and the surface, a

measure of the wettability of the material, provides

important information about the forces acting at the

surface. It has been recognized for many years that the

establishment of intimate molecular contact is a necessary,

though sometimes insufficient, requirement for developing

strong adhesive joints (15:18). This means that the

adhesive needs to be able to spread over the solid surface,

and needs to displace air and other contaminants that may
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be present on the surface. A thin layer of liquid which

completely wets two flat solids c~n serve as an adhesive;

even when complete wetting is not apparent it is

nevertheless often still possible to get good adhesive

action by merely pressing the solids together until only

a thin layer of liquid remains between them (1:171).

Basic to the subject of wettability is Thomas Young's

concept of the contact angle formed by a drop of liquid

resting on a plane solid surface (6:25). If a drop of

liquid does not spread completely a state of equilibrium is

reached involving a three phase point of contact between

the solid, liquid and vapor phases, as shown in Figure 8.

The liquid-vapor interface will form an angle, known as the

.contact angle', with the solid surface. The tensions at

the contact point are related via Young's equation:

Yv -V _ + Ky Cos G

where theta is the contact angle and the subscripts SV, LV

refer to the solid and liquid phases in equilbrium with the

vapor and SL to the solid-liquid interface. The terms

represent the surfacL free energies at the different

boundaries or, equivalently, the horizontal components of

the surface tension forces (6:25). When the contact angle

is greater than zero the liquid is non-spreading, but when

heta equals zero the liquid wets the surface completely
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Figure 9. Liquid Droplet Resting on a Surface

and spontaneously spreads freely over the surface at a rate

that depends upon such factors as the liquid viscosity and

roughness of the solid surface. It is possible to make a

liquid spread across a solid surface even when theta is

greater than zero, but this requires the application of a

pressure or a force to the liquid.

An important consideration when measuring contact

angles is the phenomenon of contact angle hysteresis.

Angles measured at the edge of a drop which is advancing

over a surface may be greater than the values measured

when the liquid is receding--usually by only a small

amount, but sometimes by as much as 80 degrees (6:31-33).
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Contact angle hysteresis arises from solid surfaces seldom

being either ideally smooth or chemically homogeneous

(14:22). The advancing contact angle is most commonly

reported (15:23).

Surface roughness may change the Pdvancing contact

angle observed for a given liquid on a rough surface, &f9

compared to the angle observed on a smooth surface, 6s"

This change in the contact angle may be expressed by:

cos Of = rf cos a s

where rf is the roughness factor or the ratio of the actual

area to the projected area (15:23). If the contact angle

for the smooth surface is less than 90 degrees, then

roughening the surface will result in Of being even

smaller. This will increase the extent of wetting.

However, if (9 is greater than 90 degrees, roughening the

surface will increase the contact angle, making the surface

harder to wet. The advancing contact angles measured in

this experiment were used to determine the roughness factor

for each treated sample; this assumes that any change in

the contact angle is due to roughening and not to other

effects.

A Rame-Hart model 100 telescopic goniometer was used

to obtain the contact angles. Distilled, deionized water

with a conductivity less than 0.3 micromho was used.
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Dynamic advancing and receding measurements were made using

a syringe to apply or withdraw the water, as shown in

Figure 9. Several measurements were made on each sample,

water in water out

VL

S

Figure 9. Advancing and Receding Contact Angles

and the average and standard deviation determined. Since

PBZT has a tendency to crinkle, the surfaces of the

specimens could not be made perfectly flat and some of the

angle measurements obviously reflected these tilts; these

values were not used to calculate the averages. The

measurements were made at ambient temperature and humidity,

about 21 degrees Celsius and 35% RH.
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X-Ray Photoelectron Spectroscopy

The chemical composition of the treated and untreated

films was analyzed using XPS (X-Ray Photoelectron

Spectroscopy), a technique also known as ESCA (Electron

Spectroscopy for Chemical Analysis). XPS is a non-

destructive technique particularly suited to the analysis

of surfaces (9:101,8:287).

XPS uses a nearly monoenergetic X-ray beam to excite

the photoelectric spectrum of the material under analysis;

only core electrons are ejected since the photoelectric

cross sections of valence electrons are very small. For

this reason, XPS cannot detect hydrogen. The X-ray beam is

relatively harmless to most materials, especially when

compared to the ion or electron beams used in some other

analysis techniques. As the photons travel through the

material some are absorbed and their energy is transferred

to electrons which can be ejected from the specimen. The

spectrum, the electron intensity versus the binding energy

of the electron to the atom, is obtained by pulse-counting

techniques. However, only electrons originating very near

the surface have a high probability of escaping from the

surface without losing energy; hence the surface

sensitivity of this technique. The depth of investigation

is governed by the electron mean free path (MFP) in the

material and is typically 40 to 100 Angstroms for polymeric

materials (22:104).
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XPS shows systematic shifts in emission peak positions

resulting from changes in the chemical structure and

oxid~tion state of chemical compounds in the material being

analyzed. This "chemical shift effect" is due to a

decrease in electron density in the valence region around

an atom in a molecule, which produces an increase in the

binding energy of core level electrons (22:106). Oxides

can often be readily identified via these shifts, and

different oxidation states will produce peaks shifted from

the main peak by different amounts. The resolution of the

spectrometer used in this experiment, however, was not

good enough to distinguish the various oxidation peaks.

The ability to obtain detailed chemical information

from plastic and organic surfaces is an unparalleled

capability of XPS. During X-ray irradiation, howeversuch

nonconductive samples can undergo a change in surface

potential. This surface charge is normally positive, and

retards the photoejected electrons. This decrease in the

kinetic energy of the photoelectrons results in higher

apparent binding energies than the true values. All

binding energies are shifted by the same amount so that

relative energies are unchanged.

The XPS analysis was performed using a Kratos ES300

machine using 1253.6 eV K alpha X-rays from a magnesium

source. The pressure inside the spectrometer during
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the runs was 10 torr. Samples of the PBZT film,

carefully handled to avoid contamination, were cut into

rectangles approximately 1.27 cm by 1.91 cm and stuck to a

tantalum mount using double-sided adhesive copper tape.

:he oetctLor av=Frc rt ie s.gr-al c2,~r tire sample,

making the analysis of areas smaller than the sample size

impossible. A survey spectrum ranging in binding energies

from 1000 eV to 0 eV was made first and used to locate

potentially interesting peaks. Most of the scans were made

with the detector at 45 degrees to the normal. A small

number of scans were made at 22 degrees to minimize the

depth of investigation; no significant differences were

noted. Sample charging produced shifts in the peaks on a

few scans of about 5 eV. The data were manually shifted

using the locations of peaks from major constituents such

as nitrogen and carbon as a guide. Other techniques, such

as charge injection or the use of an internal standard,

were not available and are not considered necessary for

routine spectra. Overall resolution is about 1 eV.

The intensity of the observed ESCA signal is a

function of the amount of material present. In addition,

however, the intensity depends upon the MFP of the

electrons and the efficiency of absorption of the exciting

X-rays by the sample material. A fully quantitative

analysis of the ESCA spectra is therefore quite difficult.

However, the peak intensities, corrected for the differing

3e



photoelectric cross sections of each element, can be used

to -stimate the relative amounts of different elements

present on the surface. This technique produces estimates

Qood to about 20% (22:114).

As an example, assume that an ESCA scan showed peaks

from oxygen and carbon, with the oxygen ls peak 40 units

high and the carbon is peak 20 units high. Table I in

reference 22 gives the photoelectric cross sections of the

elements relative to that of carbon Is, for magnesium

K alpha X-rays. The cross section for oxygen is is 2.85.

The corrected oxygen is peak height is 40/2.85 or 14 while

the carbon peak height is unchanged. These corrected peak

heights are approximately proportional to the number of

atoms of each type present in the sample. Therefore, if

only carbon and oxygen are present, carbon constitutes

((20/(20 +14)) x 100. or 58.8% and oxygen (14/34) x 100% or

41.2. of the total number of atoms. These "mole

percentages" can be converted to "weight percentages" by

considering the atomic weight of each atom. In this case,

carbon represents 51.7% by weight and oxygen 48.3%.

When the XPS spectrum of an element shows the shifted

peak characteristic of oxidation, the fraction of the

element oxidized can be estimated by comparing the heights

of the shifted and unshifted peaks. For example, if the

shifted peak is 10 units high and the unshifted pea" is 20
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units high, then 10/(10 + 20) x 100% or 33% of the atoms

are oxidized and 20/30 x 100% or 67% are not. The total

number of atoms of that type present is proportional to the

sum of the heights of the two peaks.

Scanninq Electron Microscopy

Plasmas have been shown to rapidly erode the surfaces

of some plastics while having little or no effect on

others. A scanning electron microscope was used to

detect any changes in the surfaces of the PB2T films due to

plasma treatment.

Scanning electron micrographs were obtained using a

JEOL JSM-840 microscope typically operated at 10 kV and a

working distance of 16-17 mm. Slivers of the PBZT film

were attached to aluminum mounts using conductive carbon

paint and coated with a mixture of gold and palladium to a

thickness of 10 nm using a Balzers/Union sputterer.

Photomicrographs were made at magnifications of 30000,

15000, 5000 and 250 in order to look for changes in the

morphology of the film surfaces at a variety of scales.
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IV. Experimental Results

Table 2 lists the various treatments used on the PBZT

film samples examined in the course of these experiments.

Care must be taken when comparing results since samples

were treated at different pressues as wei, as for

different times. Samples 1 through 10 were . o, che same

batch of PBZT, while 11 and 12 were from a different batch

prepared by Foster-Miller three mc,-ths later. Each listed

treatment time is the sum of equal treatment time- --t two

different discharge polarities. The power supply was set at

900 volts for all runs except number e, which was run at

1000 volts.

Table 3 lists the tests performed on each sample.
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Table 2. Sample Treatment Parameters

Sample Treatment

I cleaned with methylene chloride

2 Ar plasma, 20 minutes at .130 torr

3 Ar plasma, 200 minutes at .169 torr

4 Ar with .3% water vapor, '00 minutes at .540 torr

5 Ar plasma, 100 minutes at .762 torr

6 Ar with .3% watpr vapor, 140 minutes at .600 torr

7 Ar with 1% CF4 , 140 minutes at .600 torr

e N 2 plasma, 140 min at .758 torr

9 cleaned with methylene chloride

10 Ar plasma, 100 minutes at .510 torr

11 -leaned with methlene chloride

12 Mr plasma, 200 ninutes at .588 torr
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Table 3. Sample Test Matrix

Sample Treatment Lap Shear XPS Contact Angle SEM

1 clean X x

2 Ar 20 min x X

3 Ar 200 min x x

4 OH 100 min X x

5 Ar 100 min X

6 OH 140 min X X

7 CF4 140 min X

B N2 120 min X

9 clean X X

10 Ar 100 min X

11 clean X

12 Ar 200 min x
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Table 4 lists the lap shear strengths for all of the

specimens tested, along with the average strength and the

standard deviation. All failures occurred within the PBZT film.

Table 4. Lap Shoar Test Pesults

Sample 1 2 3 4 11 12

Lap shear 2.37 1.86 3.43 3.19 2.22 3.94
strenqths 2.45 1.68 2.53 3.60 2.48 3.94

2.92 2.74 3.08 3.34 2.52 4.27

2.22 3.97 3.60 2.72 2.50 3.70
2.44 3.27 2.95 2.85 2.46 3.89

3.76

Avwrage 2.48 2.70 3.11 3.14 2.44 3.91

Standard .21 .86 .38 .32 .11 .18
Deviation

Table 5 lists the advancing and receding contact

angles determined for four samples. Five to seven

measurements were made on each sample and the average and

standard deviation determined for each. The roughness

factor, calculated using the advancing contact angles, is

also presented. The contact angle determined for sample 9

was taken to be the value for a smooth surface.
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Table 5. Contact Anqles Test Results

Contact Angle (deg)

Sample Treatment Advancing Receding rf

5 Ar 100 min 54 +1- 3 33 +/- 6 2.3

6 OH 140 min 31 +/- 4 15 +/- 3 3.3

a N2 120 min 36 +I- 4 15 +I- 3 3.1

9 clean 75 B- 8 44 +/- 3 1.0

Figure 10 compares the initial survey scans made on the

f>-*- -.mFre5 analyzed using XPS. Comparisons of the oxygen,

sulfur7 nitrogen, carbon and phosphorus peaks are shown in

Figures II through 15. These plots are not to the same

scale ard cannot be directly compared. However, all curves

presented in any one figure are to the same scale. The top

phosphorus peak in Figure 15 is actually a misidentified

silicon peak, the argon-treated sample shows no phosphorus

in its ESCA spectrum.

Table 6 presents the elemental analysis based on these

peaks, in mole percentages and weight percentages. Zero

entries indicate that the amount of that element present

was below detectable limits. Silicon and tantalum are not

included in the weight percentages since these elements are

present as test chamber contaminants, not as components of
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the FDZT. The sample identified as "FM", cleaned in

methylene chloride but otherwise untreated, was analyzed

for Foster-Miller (18:3-51).

Table 7 shows the percentage of nitrogen and sulfur

atoms oxidized in the four samples tested in this

experiment. Results for the Foster-Miller sample were not

available.
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Table 6. Summary of XPS Results

Sample 6 7 9 10 FM

Treatment OH CF4 cleaned Ar cleaned
140 min 140 min 100 min

Mole percent

C 66 55 80 54 71.6

N 9 12 9 8 6.2

S 6 5 7 4 4.1

0 14 23 4 26 17.8

Si 0 0 0 5 .3

Ta 0 0 0 3 0.0

P 5 5 0 0 0.0

Sample 6 7 9 10 FM

Treatment OH CF4 cleaned Ar cleaned
140 min 140 min 100 min

Weight percent (Si and Ta contaminants not included)

C 54 44 70 49 62.4

N 9 11 9 9 6.3

S 12 11 16 10 9.5

0 15 24 5 32 20.8

P 10 10 0 0 0.0
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Table 7. Percentage of Atoms Oxidized

Sample 6 7 9 10

Treatment OH CF4 cleaned Ar

140 min 140 min 100 min

Percent Oxidized

N 29 43 <10 39

S 18 31 <10 31

P 13 <10

C <5 <5 <5 <5

Figures 16 through 19 are SEM photographs of the

cleaned sample, the samples treated for 20 and 200 minutes

in argon, and the sample treated for 100 minutes in

argon/water vap.--
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Figure 16. SEM Photographs of Cleaned-Only Sample,
Magnificatic- 250X and 1500OX
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PUT

Figure 17. SEM Photographs of Sample Treated in Argon
Plasma for 10 Minutes per Side, Magnification
250X and 15000X

56



0 X an 1 .- -150100X W 1

57



P T

gme19. SEM Photographs of Sample Treated in

Argon/Water Vapor Plasma for 50 Minutes per

Side, Magnification 250X and 1500OX
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V. Discussion

X-Ray Photoelectron Spectroscopy

The sample treated in the argon-only plasma for 100

minutes shows small siicLon and tantalum peaks that are not

present in the other spectra. This sample was treated

last, after some work had been done on the spectrometer

vacuum system, and the silicon is likely due to chamber

contamination. The tantulum is from the sample mount.

Except for contaminants, the samples show similar

spectra; the most obvious difference is that all the

plasma treated samples show strong oxygen lines, while the

cleaned, but otherwise untreated, sample shows only weak

oxygen lines. The sample treated at the lo,-eEt pressure for

the shortest time, number 10, shows the highest oxygen

content, 32% by weight, while the sample cleaned in

methylene chloride shows only 5% oxygen by weight. The

large amounts of oxygen present on the surfaces of the

plasma treated samples analyzed using XPS could not have

come from within the film, since PBZT contains no oxygen.

Instead, the oxygen was absorbed onto the reactive surface

left after plasma treatment. Although the treated samples

were stored in evacuated tubes, they were exposed to

atmospheric oxygen during transfers. The origin of the

large amount of oxygen in the untreated Foster-Miller is

unknown.
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The sulfur (Figure 12) and nitrogen (Figure 13)

spectra snow shifted peaks indicating that oxides of these

elements were formed on the surfaces of the treated

samples. Comparison of the main and shifted peaks shows

that the sample treated in an argon/CF4 plasma had the

largest fraction of its nitrogen and sulfur atoms oxidized,

43% and 31% respectively. The small amount of oxygen

present in the cleaned sample meant that few of its atoms

were oxidized. The ca-bon peaks (Figure 14) are

approximately the same in the four samples. There is no

evidence for oxidation of the carbon in any of the samples.

The cleaned-only sample shows no evidence of

phosphorus (Figure 15), while two of the plasma treated

samples display small phosphorus peaks. Apparently,

treating the film allowed phosphorus, left in the film due

to incomplete washing, to come to the surface where it

could be detected using XPS. The small peaks, however,

indicate that only minimal amounts were left behind. There

are also small chlorine peaks in the spectra, with the

cleaned-only sample showing the largest peak, indicating

that most of the methylene chloride used to clean the

samples prior to treatment evaporated while what little

remained was effectively removed by exposure to the

plasmas.

The absence of fluorine in the CF 4 treated sample, as
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well as the fact that the OH treated sample actually shows

less oxygen than the argon treated sample, indicates that

the attempts to implant atoms into the surface were

unsuccessful. This is probably due to the small

concentrations of CF 4 and water vapor (1% and .3%,

respectively) used in this experiment. Any fluorine atoms

or OH radicals that did impinge on the surface were

probably swept away by the much larger number of argon

atoms hitting the surface at the same time.

Ccntact Angle Determination

Exposure to argon, nitrogen and water vapor plasmas

all made the surface of the PBZT films more wettable. The

mechanism behind this is unclear. The argon and OH treated

samples show few differences in their XPS results, yet the

OH sample showed an advancing contact angle of 31 degrees

while the argon sample showed 54 degrees, compared to the

cleanEd Cnly sample value of 75 degrees. Unfortunately,

the samples were not treated for equal times (140 minutes

vs. 100 minutes), so that the difference may be the result

of increased surface roughening due to longer exposure to

the pla-na. Assuming that the increased wettability is the

result only of surface roughening, the sample treated for

100 minutes has a roughening factor of 2.3 while the one

treated for 140 minutes has a roughening factor of 3.3.

If the effect o different treatment pressures is ignored,
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these data indicate that the roughening varies

approximately linearly with the exposure time. The sample

treated in a nitrogen plasma for 120 minutes showed a

contact angle slightly lower than that of the OH sample,

but this sample was not examined with either XPS or SEM and

little more can be said. However, assuming that nitrogen

erodes the PBZT film as efficiently as argon, the

roughening factor for the nitrogen-treated sample, 3.1,

once again indicates that the roughening is, approximately,

proportional to the treatment time.

Scanning Electron Microscopy

The samples show about the same amount of debris on

their surfaces, while the 100 minute argon and water vapor

samples show signs of surface erosion, including pitting

and fissuring. The electron microscope photographs show

that the surface of the PBZT is eroded by long exposures

(100 to 200 minutes) to a plasma, while shorter exposures

(20 minutes) produce little damage. The roughening factor

for these surfaces is difficult to estimate using only

these photographs, but the values based on the contact

angle measurements seem too high, indicating that the

increased wettability of the surfaces is not entirely due

to surface roughening.

Lap Shear Tests

All of the lap shear specimens failed within the PBZT
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film, not at the epoxy/film interface. Even for the

untreated sample, the adhesive/film bond was stronger than

the interlaminar strength of the film itself. This was

very surprising. Previous work by Foster-Miller indicates

that the film should be able tc take about 5.8 MPa before

failing cohesively, yet the untreated films failed at less

than half this value. The highest value observed in this

experiment was 4.3 MPa, still significantly less than the

values reported by Foster Miller. Untreated samples from

two batches of the polymer, prepared at different times,

failed at essentially the same load, indicating that this

phenomenon is not due to differences between batches.

Although all samples failed cohesively, the plasma-

treated samples failed at higher loads. The fact that the

lap shear strengths were up to 58% higher for samples

exposed to argon plasmas indicates that this treatment was

able to reach below the surface of these very thin films in

order to increase the interlaminar cohesive strength of the

material. Longer treatments, at higher pressures, produced

larger increases in the cohesive strength.

The improvement in the cohesive strength of the PBZT

is probably due to cross-linking between polymer chains

frcm one layer of ordered molecules to another. The

material used in these experiments consists of molecules

aligned side-by-side. The strength of the material in the
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direction along which the molecules are aligned is much

higher than the strength in the perpendicular directions.

The interlaminar strength is therefore quite low, and is

probably made even lower by the shearing process used to

produce the balanced biaxial film used in these

experiments.
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VI. Conclusions and Recommendations

This work resulted in the construction of a plasma

treatment chamber and the development of the techniques

associated both with its use and with the analysis of

sample treated in it. PBZT film was exposed to a variety

of plasmas and the resulting changes determined.

Plasma treatment was shown to increase the wettability

of PBZT, demonstrated by an decrease in the contact angle

of water from 75 degrees for an untreated sample to 31

degrees for a film treated for 140 minutes in an argon

plasma. This increased wettabilty is partly due to

increased surface roughness; long exposures to an argon

plasma significantly eroded the film surfa-e, as shown in

SEM photographs.

Analysis of XPS spectra showed that oxides of nitrogen

and sulfur were formed on the surfaces of PBZT films

treated in a plasma and subsequently exposed to air.

Attempts to implant fluorine atoms and OH radicals, using

plasmas formed from mixtures of argon with small amounts of

carbon tetraflouride and water vapor, were unsuccessful.

Single-lap shear tests were performed to determine if

exposure to a plasma would improve the adhesive properties

of PBZT film. No improvment in adhesion could be shown,

however, since all samples failed within the film, not at

the film/adhesive interface. The internal cohesive
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strength of the film was lower than the strength of the

adhesive/film bond, even for untreated samples. However,

the lap shear strengths were higher for samples exposed to

argon plasmas, indicating that this treatment was able to

increase the interiaminar cohesive strength of the

material. This improvement is probably due to cross-

linking between polymer chains from one layer of ordered

molecules to another, and was shown to increase with

exposure time.

Techniques such as gel permeation chromatography and

attenuated total reflectance infrared spectroscopy should

be used to determine the degree and type of cross-linking

in order to determine if cross-linking is responsible for

the increased cohesive strength of the films treated in

plesmas. The effects of argon and other plasmas should be

systematically investigated so that the cause of increased

wettability can be better defined. Spectroscopic or other

techniques could be used to determine the actual plasma

conditions at the sample during treatment, and a fuller

theoretical treatment should be attempted.
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